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It is difficult to pinpoint the border between perceptual and conceptual processing, despite
their treatment as distinct entities in many studies of recognition memory. For instance,
alteration of simple perceptual characteristics of a stimulus can radically change meaning,
such as the color of bread changing from white to green. We sought to better understand
the role of perceptual and conceptual processing in memory by identifying the effects of
changing a basic perceptual feature (color) on behavioral and neural correlates of memory
in circumstances when this change would be expected to either change the meaning
of a stimulus or to have no effect on meaning (i.e., to influence conceptual processing
or not). Abstract visual shapes (“squiggles”) were colorized during study and presented
during test in either the same color or a different color. Those squiggles that subjects
found to resemble meaningful objects supported behavioral measures of conceptual
priming, whereas meaningless squiggles did not. Further, changing color from study to
test had a selective effect on behavioral correlates of priming for meaningful squiggles,
indicating that color change altered conceptual processing. During a recognition memory
test, color change altered event-related brain potential (ERP) correlates of memory
for meaningful squiggles but not for meaningless squiggles. Specifically, color change
reduced the amplitude of frontally distributed N400 potentials (FN400), implying that
these potentials indicated conceptual processing during recognition memory that was
sensitive to color change. In contrast, color change had no effect on FN400 correlates
of recognition for meaningless squiggles, which were overall smaller in amplitude than for
meaningful squiggles (further indicating that these potentials signal conceptual processing
during recognition). Thus, merely changing the color of abstract visual shapes can alter
their meaning, changing behavioral and neural correlates of memory. These findings are
relevant to understanding similarities and distinctions between perceptual and conceptual
processing as well as the functional interpretation of neural correlates of recognition
memory.
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INTRODUCTION
I do not like green eggs and ham! I do not like them, Sam-I-am.
-Theodore Seuss Geisel, 1960
Although perceptual processing and conceptual processing are
often treated as distinct entities, it is difficult to precisely identify
their differences. For example, changing simple perceptual
characteristics of a visual stimulus (such as color, size, and
orientation) is generally thought to change perceptual but not
conceptual processing (Jolicoeur, 1985; Masson, 1986; Jacoby and
Hayman, 1987; Roediger and Blaxton, 1987; Graf and Ryan, 1990;
Biederman and Cooper, 1992; Groh-Bordin et al., 2006; Uttl et al.,
2006; Ecker et al., 2007a,b). However, there are many instances
when slight changes to perceptual features greatly change the
meaning of a stimulus. For example, imagine purchasing a loaf
of white bread, but when you get home you discover that it is
green. Would you still eat it? Likewise, the meaning of a green
vs. a red light is quite different while in traffic. Thus, it is difficult
to categorize perceptual vs. conceptual processing (Martin, 2007;
Schendan and Maher, 2009). In the current experiment, we
sought to better understand the nature of relevant distinctions
by manipulating a simple perceptual feature (color) in conditions
when this perceptual change would, vs. would not, also produce a
change in meaning.
The distinctions between perceptual and conceptual
processing are highly relevant to better understanding of the
neural correlates of recognition memory. The process of making
judgments about prior encounters is defined as recognition
memory, which can be subdivided into two expressions termed
recollection and familiarity. Recollection involves the retrieval
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of specific details about something recognized (such as when
and where an event took place), whereas familiarity refers to
simply knowing that something previously occurred or was
experienced without recalling specific details (Mandler, 1980;
Yonelinas, 2002). Previous event-related brain potential (ERP)
studies have attempted to identify distinct neural correlates of
recollection and familiarity. These studies have often found that
recollection is associated with a 500–700 ms parietal effect termed
the late-positive complex (LPC) whereas familiarity is associated
with a 300–500 ms negative-going frontal effect termed the
frontal N400 (FN400) (see Mecklinger, 2006; Rugg and Curran,
2007 for review). However, neural measures collected during
a recognition memory test are sensitive not only to explicit
memory processes such as recollection and familiarity, but also to
various expressions of implicit memory. Many findings indicate
that FN400 effects could index conceptual implicit memory
instead of familiarity (for review, see Paller et al., 2007; Dew and
Cabeza, 2011; Voss et al., 2012b). Indeed, some findings suggest
that implicit perceptual and conceptual processing not only
occurs during recognition memory testing, but can sometimes
influence recognition, particularly familiarity-based recognition
(Whittlesea et al., 1990; Jacoby, 1991; Wagner and Gabrieli, 1998;
Voss and Paller, 2006; Lucas et al., 2012). The general logic of our
study, as described below, is that manipulations of conceptual
processing via color change would influence neural correlates
of recognition memory to the extent that implicit conceptual
processing occurred during recognition memory testing.
Several studies manipulated color to test for perceptual
contribution to familiarity and concluded that perceptual
processing can modulate familiarity because color change had an
influence on neural measurements of familiarity (Groh-Bordin
et al., 2006; Ecker et al., 2007a,b). However, it is unclear based
on this evidence whether perceptual vs. conceptual factors were
at play. That is, did color change modulate perceptual processing
related to familiarity, conceptual processing related to familiarity,
or some combination of perceptual and conceptual processing?
Furthermore, because the neural correlates of familiarity are not
fully specified and likely not absolute across all testing situations
(Bridger et al., 2012; Paller et al., 2012), it is difficult to know
based on neural measures alone whether perceptual or conceptual
changes are influencing familiarity vs. conceptual processing
(Voss et al., 2012b).
In the current experiments, we aimed to verify the effects of
conceptual implicit memory on neural correlates of recognition
memory and the effect of color change on these influences.
Color-change manipulations were used with stimuli that vary
in meaningfulness in an attempt to separate processing that
is relatively perceptual (color change for meaningless stimuli)
from processing that is relatively conceptual (color change
for meaningful stimuli), measured during recognition memory
testing. “Squiggles” were used as stimuli because they vary widely
and idiosyncratically in perceived meaningfulness (Voss and
Paller, 2007; Voss et al., 2010b, 2012a). In the current experiments,
squiggles were separated into meaningful and meaningless groups
based on individualized ratings. We examined how the same
manipulation (color change from study to test) produces different
effects depending on whether the squiggles were meaningful
or meaningless. This allowed us to identify neural correlates
of perceptual and conceptual processing during recognition
memory testing for the same stimulus set and task.
A general overview of the experiment design is provided in
Figure 1. In Experiments 1 and 2, we aimed to determine effects
of color change on behavioral measures of conceptual priming
in order to test the hypothesis that conceptual implicit memory
occurs selectively for meaningful stimuli and that color change
therefore only influences behavioral measures of priming for
meaningful stimuli. In Experiment 1, we performed conceptual
priming tests with color change manipulations for stimuli that
subjects found to be relatively high in meaning (High-M) whereas
in Experiment 2 we performed the same tests for stimuli that
subjects found to be relatively low in meaning (Low-M). Thus,
we predicted that behavioral correlates of conceptual priming and
of the color-change manipulation would be found specifically
in Experiment 1, not in Experiment 2. In Experiments 3 and
4, ERPs were used to identify the effects of color change on
neural correlates of recognition memory for meaningful and
meaningless squiggles, in order to isolate neural signals of implicit
conceptual processing operative during recognition memory
testing. In Experiment 3, recognition memory tests were given
for stimuli that subjects found to be relatively High-M, whereas
in Experiment 4 we performed the same tests for stimuli that
subjects found to be relatively Low-M. We hypothesized that the
color-change manipulation would influence ERP correlates of
recognition memory only for stimuli in Experiment 3, not for
stimuli in Experiment 4. By comparing results across experiments,
we were able to test whether the effects of color change from
study to test on the neural correlates of recognition memory are
selective for High-M stimuli (Experiment 3 vs. Experiment 4),
as likely due to the fact that High-M stimuli selectively support
conceptual priming and influences of color change on conceptual
priming (Experiment 1 vs. Experiment 2). Furthermore, we
anticipated that differences in meaningfulness and in the effects
of color-change manipulation would be selective for FN400 ERPs,
as we predict that these ERPs reflect conceptual implicit memory
during recognition memory testing (Voss et al., 2012b).
MATERIALS AND METHODS
EXPERIMENTS 1 AND 2: EFFECTS OF COLOR CHANGE ON CONCEPTUAL
PRIMING FOR MEANINGFUL VS. MEANINGLESS STIMULI
Subjects
Fourteen students (12 females, 19–26 years of age, right-handed)
from Capital Normal University participated in Experiment 1,
and another fourteen students (12 females, 19–27 year of age,
right-handed) also from Capital Normal University participated
in Experiment 2. All participants had normal or corrected-normal
vision and did not have color blindness. They were paid for
their participation. The Capital Normal University’s Institutional
Review Board approved this study.
Materials
Four hundred and ninety five squiggles were used as stimuli
(Figure 1). 316 squiggles were taken from two previous
studies (Groh-Bordin et al., 2006; Voss and Paller, 2007) and
the remaining were created via hand-deformation of squares,
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FIGURE 1 | Experimental design. (A) During the first day of the
experiment, subjects categorized squiggle stimuli as High-M or Low-M
using a 4-point meaningfulness rating scale (see text). Subjects returned
for a second day of testing, during which study-test blocks were
presented. Subjects studied squiggles presented in a uniform color. At
test, the same squiggles were presented in either the same color as for
study (same-old) or in a different color (different-old). These squiggles
were intermixed with new squiggles. (B) For Experiments 1 and 2, a
conceptual priming test was used (speeded meaningfulness rating). For
Experiments 3 and 4, a recognition memory test was used (modified
remember/know procedure). The stimuli used in Day 2 was the same
stimuli that was established as either High-M or Low-M during the Day 1
rating task; Experiments 1 and 3 used High-M squiggles while
Experiments 2 and 4 used Low-M squiggles.
circles, and triangles. In accordance with prior studies (e.g.,
Voss and Paller, 2007; Voss et al., 2010b), in our current
two experiments, results of first-day meaningfulness ratings
indicated that squiggles varied widely and idiosyncratically in
how individuals perceived their meaningfulness, which justifies
the need to assess meaningfulness on an individual basis.
Thus meaningful (High-M) or meaningless (Low-M) stimuli
in second-day experiments were customized to each subject.
Squiggles were presented on a 15-inch computer cathode ray
tube (CRT) monitor on a white background within four
degrees of the visual angle. A cross fixation was presented
in the center of the screen during each inter-stimuli interval
(ISI).
Procedure
Experiments 1 and 2 were each conducted over two separate days.
On the first day, subjects were presented with 11 blocks of black
squiggles (45 squiggles in each block). The squiggles were shown
in the middle of the screen for 2000 ms with a variable 1000–
1500 ms ISI. The order the squiggle were presented in each block
was auto-randomized, and the order of the blocks was pseudo-
randomized. Subjects were instructed to rate the meaningfulness
of each squiggle on a scale of 1 (meaningful) to 4 (meaningless).
A response of “1” indicated the squiggle looked like a “nameable
object, face, or animal,” “2” indicated “a more abstract nameable
object, face, or name,” “3” represented a squiggle that “does not
look like anything nameable, but is in some way meaningful,”
and “4” if it was a “random collection of lines that is in no
way meaningful.” Later, responses were coded as either High-M
(scores 1 and 2) or Low-M (scores 3 and 4).
Subjects returned 1–3 days later for the second part of the
study, which consisted of five study-test blocks. For Experiment
1, the stimuli that were used for the Day 2 study-test blocks
were all from the High-M category based on Day 1 ratings. For
Experiment 2, all stimuli during Day 2 were from the Low-M
category based on Day 1 ratings.
For both experiments, each study-test block consisted of one
study phase and one test phase. During the study phases, subjects
were presented four blocks of colored (red, yellow, green, or
blue) squiggles (24 squiggles in each block) that had been viewed
during Day 1. Each squiggle appeared for 3000 ms with a variable
1500–3000 ms ISI. The test phase began nearly 45 s after the
study phase completed, during which time subjects counted
backwards by threes from a specified number. During the test
phase, squiggles were presented individually for 1000 ms with a
variable 1000–2000 ms ISI. Forty squiggles were presented in each
test phase: 24 which had been shown during the previous study
phase (12 squiggles of identical color, 12 squiggles of different
color) and 16 squiggles which were not presented during the
study phase. Squiggles of same and different colors, as well as the
transitions, were counterbalanced for each individual. Subjects
were instructed to rate the meaningfulness of each squiggle on
a scale of 1 (meaningful) to 4 (meaningless) during the test, but
response speed was emphasized. Subjects were told that although
they may have already seen some of the squiggles, ratings should
be made as fast as possible and irrespective of previous experience
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and ratings, as trying to remember such information could delay
response speeds (Figure 1).
EXPERIMENTS 3 AND 4: ERP CORRELATES OF THE INFLUENCE OF
COLOR CHANGE ON RECOGNITION MEMORY FOR MEANINGFUL VS.
MEANINGLESS STIMULI
Subjects
Fourteen students (10 females, 19–25 years of age, right-handed)
from Capital Normal University participated in Experiment 3,
and 16 students (9 females, 19–27 years of age, right-handed) also
from Capital Normal University participated in Experiment 4. All
participants had normal or corrected-normal vision and did not
have color blindness. They were paid for their participation. The
Capital Normal University’s Institutional Review Board approved
this study.
Materials
One thousand eight hundred minimalist squiggles were used
as stimuli. 316 squiggles were taken from two previous studies
(Groh-Bordin et al., 2006; Voss and Paller, 2007) and the
remaining were created via hand-deformation of squares, circles,
and triangles. In accordance with Experiments 1 and 2, there was
a lack of agreement among participants regarding meaningfulness
in first-day meaningfulness ratings. Thus High-M or Low-
M stimuli in second-day experiments were customized to
each participant, as in Experiments 1 and 2. Squiggles were
presented on a 15-inch computer CRT monitor on a white
background within about four degrees of visual angle. A fixation
cross was presented in the center of the screen during each
ISI.
Procedure
As was the case for Experiments 1 and 2, Experiments 3 and 4
were both conducted over two days. On the first day, subjects
were presented with 10 blocks of black squiggles (180 squiggles
in each block). The squiggles were shown in the middle of the
screen for 2000 ms with a variable 1000–1500 ms ISI. The order of
squiggles presented in each block was auto-randomized, and the
order of blocks was pseudo-randomized. Meaningfulness ratings
were made and High-M and Low-M categories formed, as in
Experiments 1 and 2.
Subjects returned 1–3 days later for Day 2, which consisted
of 20 study-test blocks. Each study-test block consisted of a
study phase followed by a test phase. During the study phase,
subjects were presented with 28 colored (red, yellow, green,
or blue) squiggles. Each squiggle appeared for 3000 ms with
a variable 1500–3000 ms ISI with two filler pictures at the
beginning and end of the block that were not later tested (to
avoid primacy and recency effects). Subjects were instructed to
memorize each item and its color. The test phase began nearly
45 s after the study phase, and subjects counted backwards
by threes from a specified number during the break. During
the test phase, squiggles were presented for 3000 ms each with
a variable 1500–2000 ms ISI. Forty squiggles were presented
in each test phase: 24 that had been shown during the study
phase (12 squiggles of identical color, 12 squiggles of different
color) and 16 squiggles that were not presented during the
study phase. Squiggles of same and different colors, as well
as the transitions, were counterbalanced for each individual.
Subjects were instructed to categorize each squiggle using one
of four responses: (1) “remember,” indicating recollection of
the stimulus, including color or another detail from the study
phase; (2) “know,” indicating familiarity for the squiggle from
the study phase, but no recollection of color or other details; (3)
“guess,” indicating the inability to determine if the squiggle was
presented during the study phase or not; or (4) “new,” indicating
confidence that the squiggle was not presented during the study
phase (Figure 1).
Experiments 3 and 4 followed the same methodology except
Experiment 3 used squiggles on Day 2 that had been rated as
High-M on Day 1, and Experiment 4 used squiggles on Day 2
that had been rated as Low-M on Day 1 (as was the case for
Experiments 1 and 2, respectively).
ERP methods
Continuous electroencephalographic (EEG) recordings were
measured from 62 scalp sites with a NeuroScan SynAmps system
(NeuroScan Inc. Sterling, Virginia, USA) during Day 2 study
and test phases. One subject was excluded from ERP analyses
because of excessive EEG artifacts. In accordance with the
extended international 10–20 systems (Picton et al., 2000), 62
scalp sites were targets with Ag/AgCl electrodes embedded in
an elastic cap. Left mastoid was used as a reference site on-
line. Signals were re-referenced offline to averaged mastoids.
Four additional channels were used for monitoring horizontal
and vertical eye movements (horizontal electrooculogram were
recorded bipolarly from electrodes placed 1 cm to the left and
right of the outer canthi; vertical electrooculogram were recorded
bipolarly from electrodes placed above and below the left eye).
Sampling rate was 500 Hz with a bandpass of 0.05–40 Hz.
Impedance was less than 5 kΩ. Each epoch began 200 ms
prior to stimulus onset and lasted 1400 ms. Baseline corrections
were performed using mean amplitudes of pre-stimulus onset.
Trials exceeding ±75 µv were rejected. EOG blink artifacts were
corrected statistically using a linear regression estimate (Semlitsch
et al., 1986).
ERP amplitudes were averaged over three sets of midline
electrodes along the anterior-posterior axis (frontal: F3, Fz, F4;
central: C3, Cz, C4; parietal: P3, Pz, P4). Analyses focused on the
conditions in which subjects made correct responses. On average,
the minimum trials per condition were 15. Conditions were made
based on study-test consistency and old/new status (same-old,
different-old, and new) as well as on the four recognition response
types (remember, know, guess, and new), separately for High-M
squiggles in Experiment 3 and Low-M squiggles in Experiment 4.
Latency intervals (350–500 ms, 500–700 ms) were selected
based on review of the waveforms and on existing literature
regarding FN400 effects and LPC effects, as were electrode clusters
(Rugg and Curran, 2007). Statistical analyses of ERP waveforms
focused on amplitude values averaged over latency intervals
(350–500 ms, 500–700 ms) and over electrode clusters (frontal,
central, parietal). Peak latency of FN400 effects for the same-know
condition and the different-know condition were calculated by
measuring the time latency of minimum peak amplitude between
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250–500 ms. Waveforms were smoothed with a 20 Hz low-pass-
zero phase-shift Butterworth filter for presentation purposes only.
In our study, all analysis used the Greenhouse-Geisser
correction for non-sphericity when necessary, and Greenhouse-
Geisser corrected degrees of freedom are presented in the text.
Bonferroni-corrected data are presented for post-hoc pairwise
comparisons.
RESULTS
EXPERIMENTS 1 AND 2
In Experiment 1, the average probability that a squiggle was rated
as High-M was 43.9% (SE = 3.2%) and as Low-M was 55.4%
(SE = 3.1%). In Experiment 2, the average probability that a
squiggle was rated as High-M was 36.5% (SE = 2.8%) and as
Low-M was 63% (SE = 2.8%). The consistency of meaningful
ratings between Day 1 and Day 2 were calculated. In Experiment
1, High-M had an overall consistency of 49.1% (SE = 2.2%). Old
items rated as High-M had a consistency of 52.2% (SE = 2.7%)
while new items rated as High-M had 44.5% (SE = 2.2%).
In Experiment 2, Low-M had an overall consistency of 60.8%
(SE = 3.7%), where old items were 56.6% (SE = 4.0%) and new
items were 67.1% (SE = 3.5%).
Response times (RTs) were collected for each meaningful
rating and used to measure the difference between High-M
and Low-M RTs. Kolmogorov-Smirnov tests of normality of
distribution were calculated for all Experiment 1 and 2 RTs, which
reveal that the RTs do not significantly deviate from normal (all
p values were > 0.1). In Experiment 1, the average RT of Day 1
ratings for High-M was 1467 ms (SE = 91.4) and for Low-M was
1471 ms (SE = 97.7). Results of a t-test [t(13) =−0.137, p = 0.893]
revealed no significant difference between the High-M and Low-
M RTs. In Experiment 2, the average RT of Day 1 ratings for High-
M was 1481 ms (SE = 68) and for Low-M was 1446 ms (SE = 77.6).
Again, a t-test [t(13) = 1.406, p = 0.183] showed no significant
difference between the RTs.
To measure conceptual priming, the differences in RTs for
old vs. new squiggles during Day 2 were used. In Experiment 1,
RTs for old High-M squiggles were 30 ms faster than for new
squiggles [t(13) = 5.736, p < 0.001]. In Experiment 2, RTs for
Low-M squiggles were not significantly different from RTs for new
squiggles [t(13) = 0.636, p = 0.536]. Thus, priming of responses
was significant only for High-M squiggles in Experiment 1.
Furthermore, analysis of the influence of the study-test color
change indicated selective influence of color change on priming
for High-M squiggles. In Experiment 1, RTs for High-M squiggles
were significantly faster for the same-colored old items compared
to different-colored old items [t(13) = −2.434, p < 0.05]. In
contrast, there was no significant difference for Low-M squiggles
in Experiment 2 [t(13) = −0.672, p = 0.513] (Table 1).
EXPERIMENT 3 AND 4
Behavior
In Experiment 3, the probability that a squiggle was rated as High-
M was 44.1% (SE = 3.1%) and Low-M was 56% (SE = 3.1%).
In Experiment 4, the probability that a squiggle would be rated
as High-M was 37.3% (SE = 1.8%) and Low-M was 61.9%
(SE = 1.9%).
Table 1 | Mean RT(ms) and standard error of meaningfulness ratings
during the Day 2 test.
Experiment 1 (High-M) Experiment 2 (Low-M)
Old (all) 797(31)*** Old (all) 757(20)
Same-old 785(33)*** Same-old 755(19)
Different-old 808(30)* Different-old 760(22)
New 827(33) New 762(24)
Numbers in parenthesis indicate standard error of the mean. Significant priming
effects relative to a baseline from new items are indicated with: *p < 0.05,
**p < 0.01, or ***p < 0.001.
A 2 × 4 repeated measures ANOVA was run with squiggle
repetition (old, new) and response type (remember, know,
guess, new). Additional multiple comparisons between repetition
conditions for each response type were conducted with
Bonferroni correction for both Experiment 3 and 4. Experiment
3 exhibited a significant 2-way interaction [F(1.367,17.769) = 39.393,
p < 0.001]. The hit rate was significantly greater than the false
alarm rate for the remember response (p < 0.001) and the
know response (p = 0.001), suggesting that recognition on Day 2
was above chance levels. False alarms significantly outnumbered
hits for the guess response (p < 0.001) and correct rejections
significantly outnumbered misses for the new response (p =
0.001). Experiment 4 also exhibited a significant 2-way interaction
(p < 0.001). The hit rate was significantly greater than the false
alarm rate for the remember response (p < 0.001) and the know
response (p < 0.001), again suggesting that recognition on Day 2
was above chance levels. False alarms significantly outnumbered
hits for the guess response (p < 0.001) and correct rejections
significantly outnumbered misses for the new response (p <
0.001). These results indicate successful recognition memory for
Experiments 3 and 4.
To measure recognition accuracy, we used discrimination
(Pr) scores, which are a normalized measure of the “hit rate
to old items” minus the “false alarm rate to new items” (cf.
Snodgrass and Corwin, 1988). Pr scores were significantly higher
for the same-remember condition than the different-remember
condition in both Experiments 3 [t(13) = 3.846, p = 0.002]
and 4 [t(15) = 3.367, p = 0.004], indicating better remember
performance when color was the same from study to test vs. when
it changed. The same-know condition did not differ significantly
from the different-know for either Experiment 3 [t(13) = 0.335,
p = 0.743] or 4 [t(15) = 0.171, p = 0.867]. The different-
guess condition was significantly greater that the same-guess in
Experiment 3 [t(13) = 3.891, p = 0.002] but not in Experiment
4 [t(15) = 1.149, p = 0.269] (Figure 2). These results indicate
that color change had an influence on remember responses but
no effect on know responses, suggesting different effects on
recollection vs. familiarity-based responses.
ERP correlates of color-change for meaningful and meaningless
stimuli
A 2 × 3 repeated measures ANOVA was conducted between
two conditions (same-know, different-know) for three electrode
clusters (frontal, central, parietal) at 350–500 and 500–700 ms
latency intervals to determine if the differences in neural
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FIGURE 2 | The influence of color manipulation on recognition
accuracy. Pr-scores were calculated to determine effects of color change
on recognition accuracy. Squiggles presented during a study phase were
shown again during a test phase as either the same or a different color.
Recognition precision of same-colored was compared to different-colored
squiggles in the remember, know, and guess conditions. (A) Values for
High-M items in Experiment 3. (B) Values for Low-M items in Experiment 4.
** p < 0.01.
correlates of color effects depended on whether the stimuli
were meaningful or meaningless. In Experiment 3, the main
effect of condition was significant [F(1,13) = 5.084, p < 0.05]
at 350–500 ms, suggesting that the amplitudes for the same-
know condition was significantly more positive than the different-
know condition. The condition-by-cluster interaction was not
significant [F(2,26) = 0.534, p = 0.593], suggesting a similar
effect for all clusters. In Experiment 4, the main effect of
the condition was not significant [F(1,14) = 0.684, p = 0.422]
at 350–500 ms. Condition-by-cluster interaction was also not
significant [F(1.338,18.738) = 0.375, p = 0.609]. These results suggest
that FN400 amplitudes varied due to color change, but only for
meaningful stimuli in Experiment 3 (Figure 3).
A similar analysis was performed for know responses at the
500–700 ms (LPC) latency interval. The main effect of condition
was not significant in Experiment 3 [F(1,13) = 1.910, p = 0.190] or
4 [F(1,14) = 0.956, p = 0.345]. The condition-by-cluster interaction
was also not significant for Experiment 3 [F(2,26) = 0.133,
p = 0.876] or 4 [F(1.080,15.118) = 0.086, p = 0.792]. Color change
thus had no influence on know ERPs during the LPC interval for
either meaningful or meaningless stimuli in Experiments 3 and 4.
A similar analysis was used to identify effects on ERP correlates
of recollection for both latency intervals to determine color
change effects on neural correlates of recollection. No main effects
FIGURE 3 | ERP correlates of color manipulation on FN400 for High-M
and Low-M stimuli endorsed with know responses. (A) ERPs indicate
the effect of color manipulation on amplitude of FN400 that occurred for
know responses in Experiment 3 (High-M stimuli), but was not evident in
Experiment 4 (Low-M). Topographic maps of the amplitude difference
between Same-Know and Different-Know conditions shows a clear FN400
effect for High-M that is lacking for Low-M. (B) Mean amplitude of FN400
potentials corresponding to these effects for 350–500 ms for the frontal
electrode cluster.
of condition or condition-by-cluster interactions were significant
for either Experiment 3 or 4, as all p-values were> 0.1 (Figure 4).
These results indicate that color change does not influence ERP
correlates of remember responses for either High-M or Low-M
stimuli.
ERP correlates of recognition
ERPs from correctly categorized old items (remember and know
responses) were analyzed against ERPs of correctly categorized
new items (new responses) in order to explore the neural
correlates of recognition performance for High-M and Low-M
squiggles, irrespective of color change (Figure 5). This analysis
was conducted in order to validate our general patterns of ERPs
with respect to previous findings using similar stimuli. The
ANOVA results are summarized in Table 2. These results indicate
reliable old/new clusters at all clusters, with greater amplitude
effects for remember than know responses.
GENERAL DISCUSSION
The purpose of these experiments was to identify distinct
effects of a perceptual manipulation (color change) on behavior
and neural correlates of perceptual and conceptual processing
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FIGURE 4 | No influence of color manipulation on LPC. ERPs are shown
averaged for the parietal electrode cluster used to assess LPC. Despite
clear LPC enhancements for all old items relative to new items for both
High-M (Experiment 3) and Low-M (Experiment 4) squiggles, there were no
effects of color manipulation (Same-Know vs. Different-Know, and
Same-Remember vs. Different-Remember).
FIGURE 5 | ERP correlates of recognition for Experiments 3 (High-M)
and 4 (Low-M). ERPs and topographic effects corresponding to the
recognition memory categories (new, old guess, old know, and old
remember) and topographic plots of difference amplitudes showing old/new
effects for remember and know items at two indicated latency intervals.
(A) High-M squiggle (Experiment 3) ERPs are shown on the left. (B) Low-M
squiggle (Experiment 4) ERPs are shown on the right.
during recognition memory. We first showed that color change
disrupted conceptual priming, but only for squiggle stimuli
that were perceived as meaningful (High-M), not for those
perceived as relatively meaningless (Low-M). This demonstrates
that color change can alter conceptual processing, but only
when the stimulus is relatively meaningful and therefore
is capable of supporting conceptual processing. Next, we
investigated the effects of the color change manipulation
on ERP correlates of recognition memory, reasoning that
ERP correlates of recognition altered by the color change
manipulation would reflect conceptual processing during
recognition memory. Color change significantly influenced
FN400 correlates of recognition for meaningful High-M
squiggles, but not for Low-M squiggles. Taken together, these
findings indicate that FN400 effects reflected conceptual
processing during a recognition test, and that the effects of
color change manipulations on FN400 reflected a perceptual
manipulation (color) having an influence on conceptual
processing.
The variability of meaningfulness ratings in all four
experiments reliably justifies the individual rating method
we used for each subject. On the basis of these methods, our
behavioral studies in Experiment 1 and 2 found that conceptual
priming was only evident for stimuli rated by individual subjects
as meaningful, which was in line with prior studies using various
stimuli, for example, squiggles (Voss and Paller, 2007; Voss et al.,
2010b, 2012a), obscure words (Voss et al., 2010a), and ancient
Chinese characters (Hou et al., 2013). On the basis of prior
studies, we further found color effects on response facilitation
are selective for High-M stimuli. These results taken together
demonstrate that meaningfulness plays a key role in the color
effects on conceptual priming when all other conditions are held
constant.
ERP correlates of familiarity have been debated in recent
years. The mid-frontal old/new effect has most frequently been
regarded as the neural indicator of familiarity (reviewed in
Mecklinger, 2006; Rugg and Curran, 2007). However, some
experiments have shown that familiarity occurs even without
FN400 effects (Yovel and Paller, 2004; Danker et al., 2008;
Voss and Paller, 2009) suggesting that perhaps FN400 is not a
unique indicator of familiarity. Other findings have indicated
that FN400 effects could reflect conceptual processing during
recognition (Olichney et al., 2000; Voss and Paller, 2006, 2007;
Voss et al., 2010a; Voss and Federmeier, 2011; Hou et al.,
2013). For instance, Voss et al. (2010a) used obscure words as
stimuli so as to dissociate the neural correlates of familiarity
and conceptual processing; the results indicated that FN400
effects were found only for the words that elicited meaningful
associations, despite matched familiarity with meaningless words
that did not produce FN400 effects. In contrast, familiarity for
both meaningful and meaningless words was associated with
similar late-positive ERP repetition effects. If FN400 effects indeed
reflect conceptual processing, then they could be identified with
respect to familiarity in many circumstances because familiarity
can often be based on attributions of fluency of conceptual
processing (Jacoby and Whitehouse, 1989; Whittlesea, 1993). In
other words, FN400 could reflect an influence of conceptual
processing on familiarity when meaningful items are used
because conceptual fluency contributes to familiarity in some
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Table 2 | Summary of the conducted repeated measures ANOVA on ERPs data for ERP correlates of recognition.
Experiment 3 (High-M) Experiment 4(Low-M)
Condition-by-Cluster Interaction Pairwise Comparisons Condition-by-Cluster Interaction Pairwise Comparisons
350–500 ms
F (4,52) = 3.83***
η2P = 0.23
500–700 ms
F (2.03,26.4) = 3.30*
η2P = 0.20
Comparing Remember,
Know, and New
conditions
350–500 ms
F (4,56) = 12.75*** η2P = 0.48
500–700 ms
F (2.29,32.03) = 4.50*** η2P = 0.24
Comparing Remember,
Know, and New conditions
350–500 ms
Frontal
Condition Main effect
F (2,26) = 16.53***
η2P = 0.56
Remember > New
F (1,13) = 20.01*** η2P = 0.61
Know > New
F (1,13) = 34.04*** η2P = 0.72
Condition Main effect
F (2,28) = 13.98*** η2P = 0.50
Remember > New
F (1,14) = 22.58*** η2P = 0.62
Know > New
F (1,14) = 13.51*** η2P = 0.49
Remember > Know
F (1,14) = 4.60* η2P = 0.25
350–500 ms
Central
Condition Main effect
F (2,26) = 15.44***
η2P = 0.54
Remember > New
F (1,13) = 16.56*** η2P = 0.56
Know > New
F (1,13) = 21.96*** η2P = 0.63
Condition Main effect
F (2,28) = 5.89*** η2P = 0.30
Remember > New
F (1,14) = 11.01*** η2P = 0.44
350–500 ms
Parietal
Condition Main effect
F (2,26) = 5.50** η2P =
0.30
Remember > New
F (1,13) = 9.29*** η2P = 0.42
Know > New
F (1,13) = 5.46** η2P = 0.30
Condition Main effect
F (2,28) = 2.19 η2P = 0.14
500–700 ms
Frontal
Condition Main effect
F (2,26) = 46.59***
η2P = 0.78
Remember > New
F (1,13) = 69.79*** η2P = 0.84
Know > New
F (1,13) = 59.97*** η2P = 0.82
Remember > Know
F (1,13) = 6.89** η2P = 0.35
Condition Main effect
F (2,28) = 40.34*** η2P = 0.74
Remember > New
F (1,14) = 68.26*** η2P = 0.83
Know > New
F (1,14) = 22.19*** η2P = 0.61
Remember > Know
F (1,14) = 22.32*** η2P = 0.61
500–700 ms
Central
Condition Main effect
F (2,26) = 30.75***
η2P = 0.70
Remember > New
F (1,13) = 44.02*** η2P = 0.77
Know > New
F (1,13) = 24.16*** η2P = 0.65
Remember > Know
F (1,13) = 9.46*** η2P = 0.42
Condition Main effect
F (2,28) = 36.268*** η2P = 0.72
Remember > New
F (1,14) = 67.45*** η2P = 0.83
Know > New
F (1,14) = 18.50*** η2P = 0.57
Remember > Know
F (1,14) = 19.38*** η2P = 0.58
500–700 ms
Parietal
Condition Main effect
F (2,26) = 13.78***
η2P = 0.52
Remember > New
F (1,13) = 23.62*** η2P = 0.65
Know > New
F (1,13) = 7.85** η2P = 0.38
Remember > Know
F (1,13) = 7.33** η2P = 0.36
Condition Main effect
F (2,28) = 26.04*** η2P = 0.65
Remember > New
F (1,14) = 46.68*** η2P = 0.77
Know > New
F (1,14) = 19.71*** η2P = 0.59
Remember > Know
F (1,14) = 9.23*** η2P = 0.40
Insignificant statistical data are not presented in the table. The Symbol “>” shown in the phrase, for example, “Remember > New” in pairwise comparisons column
means “amplitudes in the remember condition are significantly more positive than those in the new condition. * p < 0.06 ** p < 0.05 *** p < 0.01. η2P (partial eta
squared) was used as index of effect size.
(but not all) circumstances (Lucas et al., 2012; Voss et al.,
2012b).
The old/new effects that we describe at 350–500 ms are
highly similar to FN400 effects described in previous studies.
We found that the color change manipulation influenced
behavioral indicators of conceptual priming only for High-
M squiggles, suggesting that conceptual processing occurring
selectively for High-M squiggles can be facilitated when color
is consistent from study to test, and is disrupted by color
change. Importantly, the ERP correlates during recognition of
the color-change manipulation were selective for the FN400
and for High-M squiggles. This indicates that FN400 ERPs
reflected conceptual priming during recognition that occurred
selectively for High-M squiggles. In a previous study, a similar
color change manipulation was used with squiggles and effects
were also identified on FN400 potentials (Groh-Bordin et al.,
2006). However, in that study, squiggle meaningfulness was not
characterized. It is therefore likely that the effects of color change
on FN400 were due to the subset of squiggles in that experiment
that subjects found to be relatively high in meaningfulness, and
that they reflected conceptual priming rather than any perceptual
influence on the FN400 per se. In general, it is problematic to
manipulate the physical attributes of a stimulus and assume
that stimulus meaningfulness will remain constant. This same
issue exists for other ERP studies that have noted influences of
perceptual changes on FN400 effects, in that they also did not
Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 49 | 8
Gao et al. Color change and meaning
ascertain the effects of these manipulations on either behavioral
or neural indicators of conceptual processing (Schloerscheidt and
Rugg, 2004; Groh-Bordin et al., 2006; Ecker et al., 2007a,b; Curran
and Doyle, 2011).
The LPC old/new effects that we identified were consistent
with these brain potentials as correlates of remember and know
responses (i.e., reflecting both self-reported recollection and
familiarity). LPC amplitudes were greatest for recollection, less for
familiarity, and least for correctly identified new items, and mostly
independent of stimulus meaningfulness and color change. This is
in accordance with previous findings showing that LPC amplitude
tracks increasing confidence of recognition without significant
variation based on meaningfulness (see Voss and Paller, 2009).
One divergence between our study and previous studies that
have used minimally meaningful stimuli, including the Low-
M squiggles used here, is that no reliable FN400 effects were
identified in those previous studies (Voss and Paller, 2007;
Voss et al., 2010a), whereas the Low-M condition occur with
a reliable FN400 effect in our study, albeit with a smaller
amplitude than for the High-M condition (Figure 5). It is possible
that our use of exclusively Low-M stimuli in Experiment 4
promoted distinctiveness of individual Low-M items, whereas
those previous studies used mixtures of High-M and Low-M
stimuli in each test block. Increased distinctiveness could lead
to identification of meaningful features in a greater number
of Low-M items. It is thus important to emphasize that the
Low-M condition is not necessarily entirely without conceptual
processing, and the specific methods used here could have
emphasized this processing slightly with respect to previous
studies with mixed meaningfulness in each test. Nonetheless,
the FN400 amplitude for know responses was greater for High-
M compared to Low-M stimuli, thus indicating that it was
related to conceptual processing associated with meaningfulness.
Indeed, recognition performance was matched for High-M and
Low-M know responses, indicating that gross differences in
memory accuracy or strength were unlikely to have produced
this difference. Taken together with the selective effects of color
change on FN400 correlates of know responses for High-M items
and on behavioral measures of conceptual priming for High-M
stimuli, this finding underscores the relationship between FN400
recognition effects and conceptual processing.
Finally, our results help clarify the nature of the distinction
between perceptual and conceptual processing. Although these
are often considered distinct entities that can be easily separated,
for instance in tests of perceptual vs. conceptual priming (e.g.,
Jacoby, 1983; Graf and Mandler, 1984; Smith and Branscombe,
1988; Blaxton, 1989; Graf and Ryan, 1990; Srinivas and Roediger,
1990; Rappold and Hashtroudi, 1991; Weldon, 1991, 1993; Cabeza
and Ohta, 1993; Challis et al., 1993; Weldon et al., 1995;
Carlesimo et al., 1996), we found that the influence of what would
normally be considered a purely perceptual manipulation can
actually have a profound effect on conceptual processing, both in
priming behavior and in ERP correlates of recognition memory.
This finding has implications for studies that pit perceptual vs.
conceptual manipulations against each other in order to identify
cognitive and neural processing relevant for perception and
memory (Clarke and Morton, 1983; Masson, 1986; Jacoby and
Hayman, 1987; Groh-Bordin et al., 2006; Nyhus and Curran,
2009; Herzmann et al., 2012). Furthermore, these findings help
clarify when simple perceptual features will influence the meaning
of a stimulus, and the ramifications of this influence on meaning
for stimulus processing and memory.
ACKNOWLEDGMENTS
The present study was supported by National Natural Science
Foundation of China (31271078) and Beijing Municipal
Commission of Education Key Program of Science and
Technology (KZ201410028034). We thank Mingzhu Hou
and Fang Wang for helpful advice.
REFERENCES
Biederman, I., and Cooper, E. E. (1992). Size invariance in visual object priming. J.
Exp. Psychol. Hum. Percept. Perform. 18, 121–133.
Blaxton, T. A. (1989). Investigating dissociations among memory measures:
support for a transfer-appropriate processing framework. J. Exp. Psychol. Learn.
Mem. Cogn. 15, 657–668. doi: 10.1037//0278-7393.15.4.657
Bridger, E. K., Bader, R., Kriukova, O., Unger, K., and Mecklinger, A. (2012).
The FN400 is functionally distinct from the N400. Neuroimage 63, 1334–1342.
doi: 10.1016/j.neuroimage.2012.07.047
Cabeza, R., and Ohta, N. (1993). Dissociating conceptual priming, perceptual
priming and explicit memory. Eur. J. Cogn. Psychol. 5, 35–53. doi: 10.
1080/09541449308406513
Carlesimo, G. A., Marfia, G. A., Loasses, A., and Caltagirone, C. (1996). Perceptual
and conceptual components in implicit and explicit stem completion.
Neuropsychologia 34, 785–792. doi: 10.1016/0028-3932(95)00162-x
Challis, B. H., Chiu, C., Kerr, S. A., Law, J., Schneider, L., Yonelinas, A., et al. (1993).
Perceptual and conceptual cueing in implicit and explicit retrieval. Memory 1,
127–151. doi: 10.1080/09658219308258228
Clarke, R., and Morton, J. (1983). Cross modality facilitation in tachistoscopic word
recognition. Q. J. Exp. Psychol. 35, 79–96. doi: 10.1080/14640748308402118
Curran, T., and Doyle, J. (2011). Picture superiority doubly dissociates the ERP
correlates of recollection and familiarity. J. Cogn. Neurosci. 23, 1247–1262.
doi: 10.1162/jocn.2010.21464
Danker, J. F., Hwang, G. M., Gauthier, L., Geller, A., Kahana, M. J., and Sekuler,
R. (2008). Characterizing the ERP old-New effect in a short-term memory task.
Psychophysiology 45, 784–793. doi: 10.1111/j.1469-8986.2008.00672.x
Dew, I. T., and Cabeza, R. (2011). The porous boundaries between explicit and
implicit memory: behavioral and neural evidence. Ann. N Y Acad. Sci. 1224,
174–190. doi: 10.1111/j.1749-6632.2010.05946.x
Ecker, U. K., Zimmer, H. D., and Groh-Bordin, C. (2007a). Color and context: an
ERP study on intrinsic and extrinsic feature binding in episodic memory. Mem.
Cognit. 35, 1483–1501. doi: 10.3758/bf03193618
Ecker, U. K., Zimmer, H. D., and Groh-Bordin, C. (2007b). The influence of
object and background color manipulations on the electrophysiological indices
of recognition memory. Brain Res. 1185, 221–230. doi: 10.1016/j.brainres.2007.
09.047
Graf, P., and Mandler, G. (1984). Activation makes words more accessible, but
not necessarily more retrievable. J. Verbal Learning Verbal Behav. 23, 553–568.
doi: 10.1016/s0022-5371(84)90346-3
Graf, P., and Ryan, L. (1990). Transfer-appropriate processing for implicit and
explicit memory. J. Exp. Psychol. Learn. Mem. Cogn. 16, 978–992. doi: 10.
1037//0278-7393.16.6.978
Groh-Bordin, C., Zimmer, H. D., and Ecker, U. K. (2006). Has the butcher on the
bus dyed his hair? When color changes modulate ERP correlates of familiarity
and recollection. Neuroimage 32, 1879–1890. doi: 10.1016/j.neuroimage.2006.
04.215
Herzmann, G., Jin, M., Cordes, D., and Curran, T. (2012). A within-subject ERP
and fMRI investigation of orientation-specific recognition memory for pictures.
Cogn. Neurosci. 3, 174–192. doi: 10.1080/17588928.2012.669364
Hou, M., Safron, A., Paller, K. A., and Guo, C. (2013). Neural correlates
of familiarity and conceptual fluency in a recognition test with ancient
pictographic characters. Brain Res. 1518, 48–60. doi: 10.1016/j.brainres.2013.
04.041
Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 49 | 9
Gao et al. Color change and meaning
Jacoby, L. L. (1983). Remembering the data: analyzing interactive processes in
reading. J. Verbal Learning Verbal Behav. 22, 485–508. doi: 10.1016/s0022-
5371(83)90301-8
Jacoby, L. L. (1991). A process dissociation framework: separating automatic from
intentional uses of memory. J. Mem. Lang. 30, 513–541. doi: 10.1016/0749-
596x(91)90025-f
Jacoby, L. L., and Hayman, C. A. (1987). Specific visual transfer in word
identification. J. Exp. Psychol. Learn. Mem. Cogn. 13, 456–463. doi: 10.
1037//0278-7393.13.3.456
Jacoby, L. L., and Whitehouse, K. (1989). An illusion of memory: false recognition
influenced by unconscious perception. J. Exp. Psychol. Gen. 118, 126–135.
doi: 10.1037/0096-3445.118.2.126
Jolicoeur, P. (1985). The time to name disoriented natural objects. Mem. Cognit. 13,
289–303. doi: 10.3758/bf03202498
Lucas, H. D., Taylor, J. R., Henson, R. N., and Paller, K. A. (2012). Many roads
lead to recognition: electrophysiological correlates of familiarity derived from
short-term masked repetition priming. Neuropsychologia 50, 3041–3052. doi: 10.
1016/j.neuropsychologia.2012.07.036
Mandler, G. (1980). Recognizing: the judgment of previous occurrence. Psychol.
Rev. 87, 252–271. doi: 10.1037//0033-295x.87.3.252
Martin, A. (2007). The representation of object concepts in the brain. Annu. Rev.
Psychol. 58, 25–45. doi: 10.1146/annurev.psych.57.102904.190143
Masson, M. E. (1986). Identification of typographically transformed words:
instance-based skill acquisition. J. Exp. Psychol. Learn. Mem. Cogn. 12, 479–488.
doi: 10.1037//0278-7393.12.4.479
Mecklinger, A. (2006). Electrophysiological measures of familiarity memory. Clin.
EEG Neurosci. 37, 292–299. doi: 10.1177/155005940603700406
Nyhus, E., and Curran, T. (2009). Semantic and perceptual effects on recognition
memory: evidence from ERP. Brain Res. 1283, 102–114. doi: 10.1016/j.brainres.
2009.05.091
Olichney, J. M., Van Petten, C., Paller, K. A., Salmon, D. P., Iragui, V. J., and
Kutas, M. (2000). Word repetition in amnesia Electrophysiological measures of
impaired and spared memory. Brain 123, 1948–1963. doi: 10.1093/brain/123.9.
1948
Paller, K. A., Lucas, H. D., and Voss, J. L. (2012). Assuming too much from ‘familiar’
brain potentials. Trends Cogn. Sci. 16, 313–315. doi: 10.1016/j.tics.2012.04.010
Paller, K. A., Voss, J. L., and Boehm, S. G. (2007). Validating neural correlates of
familiarity. Trends Cogn. Sci. 11, 243–250. doi: 10.1016/j.tics.2007.04.002
Picton, T. W., Bentin, S., Berg, P., Donchin, E., Hillyard, S. A., Johnson, R., et al.
(2000). Guidelines for using human event-related potentials to study cognition:
recording standards and publication criteria. Psychophysiology 37, 127–152.
doi: 10.1111/1469-8986.3720127
Rappold, V. A., and Hashtroudi, S. (1991). Does organization improve priming? J.
Exp. Psychol. Learn. Mem. Cogn. 17, 103–114. doi: 10.1037/0278-7393.17.1.103
Roediger, H. L., and Blaxton, T. A. (1987). Effects of varying modality, surface
features and retention interval on priming in word-fragment completion. Mem.
Cognit. 15, 379–388. doi: 10.3758/bf03197728
Rugg, M. D., and Curran, T. (2007). Event-related potentials and recognition
memory. Trends Cogn. Sci. 11, 251–257. doi: 10.1016/j.tics.2007.04.004
Schendan, H. E., and Maher, S. M. (2009). Object knowledge during entry-level
categorization is activated and modified by implicit memory after 200 ms.
Neuroimage 44, 1423–1438. doi: 10.1016/j.neuroimage.2008.09.061
Schloerscheidt, A., and Rugg, M. D. (2004). The impact of change in stimulus
format on the electrophysiological indices of recognition. Neuropsychologia 42,
451–466. doi: 10.1016/j.neuropsychologia.2003.08.010
Semlitsch, H. V., Anderer, P., Schuster, P., and Presslich, O. (1986). A solution
for reliable and valid reduction of ocular artifacts, applied to the P300 ERP.
Psychophysiology 23, 695–703. doi: 10.1111/j.1469-8986.1986.tb00696.x
Smith, E. R., and Branscombe, N. R. (1988). Category accessibility as implicit
memory. J. Exp. Soc. Psychol. 24, 490–504. doi: 10.1016/0022-1031(88)90048-0
Snodgrass, J. G., and Corwin, J. (1988). Pragmatics of measuring recognition
memory: applications to dementia and amnesia. J. Exp. Psychol. Genl. 117,
34–50.
Srinivas, K., and Roediger, H. L. (1990). Testing the nature of two implicit tests:
dissociations between conceptually-driven and data-driven processes. J. Mem.
Lang. 29, 389–412.
Uttl, B., Graf, P., and Santacruz, P. (2006). Object color affects identification and
repetition priming. Scand. J. Psychol. 47, 313–325. doi: 10.1111/j.1467-9450.
2006.00532.x
Voss, J. L., and Federmeier, K. D. (2011). FN400 potentials are functionally identical
to N400 potentials and reflect semantic processing during recognition testing.
Psychophysiology 48, 532–546. doi: 10.1111/j.1469-8986.2010.01085.x
Voss, J. L., Federmeier, K. D., and Paller, K. A. (2012a). The potato chip really
does look like Elvis! Neural hallmarks of conceptual processing associated with
finding novel shapes subjectively meaningful. Cereb. Cortex 22, 2354–2364.
doi: 10.1093/cercor/bhr315
Voss, J. L., Lucas, H. D., and Paller, K. A. (2010a). Conceptual priming and
familiarity: different expressions of memory during recognition testing with
distinct neurophysiological correlates. J. Cogn. Neurosci. 22, 2638–2651. doi: 10.
1162/jocn.2009.21341
Voss, J. L., Lucas, H. D., and Paller, K. A. (2012b). More than a feeling: pervasive
influences of memory without awareness of retrieval. Cogn. Neurosci. 3, 193–
207. doi: 10.1080/17588928.2012.674935
Voss, J. L., and Paller, K. A. (2006). Fluent conceptual processing and explicit
memory for faces are electrophysiologically distinct. J. Neurosci. 26, 926–933.
doi: 10.1523/jneurosci.3931-05.2006
Voss, J. L., and Paller, K. A. (2007). Neural correlates of conceptual implicit memory
and their contamination of putative neural correlates of explicit memory. Learn.
Mem. 14, 259–267. doi: 10.1101/lm.529807
Voss, J. L., and Paller, K. A. (2009). Remembering and knowing:
electrophysiological distinctions at encoding but not retrieval. Neuroimage
46, 280–289. doi: 10.1016/j.neuroimage.2009.01.048
Voss, J. L., Schendan, H. E., and Paller, K. A. (2010b). Finding meaning in novel
geometric shapes influences electrophysiological correlates of repetition and
dissociates perceptual and conceptual priming. Neuroimage 49, 2879–2889.
doi: 10.1016/j.neuroimage.2009.09.012
Wagner, A. D., and Gabrieli, J. D. E. (1998). On the relationship between
recognition familiarity and perceptual fluency: evidence for distinct mnemonic
processes. Acta Psychol. (Amst) 98, 211–230. doi: 10.1016/s0001-6918(97)
00043-7
Weldon, M. S. (1991). Mechanisms underlying priming on perceptual tests. J. Exp.
Psychol. Learn. Mem. Cogn. 17, 526–541. doi: 10.1037//0278-7393.17.3.526
Weldon, M. S. (1993). The time course of perceptual and conceptual contributions
to word fragment completion priming. J. Exp. Psychol. Learn. Mem. Cogn. 19,
1010–1023. doi: 10.1037//0278-7393.19.5.1010
Weldon, M. S., Roediger, H. L., Beitel, D. A., and Johnston, T. R. (1995). Perceptual
and conceptual processes in implicit and explicit tests with picture fragment
and word fragment cues. J. Mem. Lang. 34, 268–285. doi: 10.1006/jmla.1995.
1012
Whittlesea, B. W. A. (1993). Illusions of familiarity. J. Exp. Psychol. Learn. Mem.
Cogn. 19, 1235–1253. doi: 10.1037//0278-7393.19.6.1235
Whittlesea, B. W. A., Jacoby, L. L., and Girard, K. (1990). Illusions of
immediate memory: evidence of an attributional basis for feelings of familiarity
and perceptual quality. J. Mem. Lang. 29, 716–732. doi: 10.1016/0749-
596x(90)90045-2
Yonelinas, A. P. (2002). The nature of recollection and familiarity: a review
of 30 years of research. J. Mem. Lang. 46, 441–517. doi: 10.1006/jmla.2002.
2864
Yovel, G., and Paller, K. A. (2004). The neural basis of the butcher-on-the-bus
phenomenon: when a face seems familiar but is not remembered. Neuroimage
21, 789–800. doi: 10.1016/j.neuroimage.2003.09.034
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 14 May 2014; accepted: 18 January 2015; published online: 11 February
2015.
Citation: Gao C, Hermiller MS, Voss JL and Guo C (2015) Basic perceptual changes
that alter meaning and neural correlates of recognition memory. Front. Hum. Neurosci.
9:49. doi: 10.3389/fnhum.2015.00049
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2015 Gao, Hermiller, Voss and Guo. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 49 | 10
